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ATLAS	Muon	Spectrometer
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Upgrades to the muon spectrometer are required to handle increased rates and fakes 
associated with HL-LHC luminosities and the new ATLAS wide L0/L1 trigger system
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Physics	Motivation
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Triggering and recording High-pT leptons (muons) are critical to nearly every physics 
objective of the ATLAS experiment
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ATLAS	HL-LHC	Upgrade
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Barrel (RPC) and end-cap (TGC) triggering 
electronics must be replaced to cope with hit rates 
at the HL-LHC.

ATLAS	HL-LHC	Upgrade
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MDT readout electronics must be replaced to cope 
with hit rates at the HL-LHC.  

To reduce fakes, MDT information will be 
integrated the into L0/L1 trigger to sharpen pT 
selectivity of tracks.

ATLAS	HL-LHC	Upgrade
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Gas gain on currently installed RPC’s must be 
lowered to meet lifetime limitations (0.3 C/cm2).

To maintain trigger efficiency, RPC’s will be 
installed at the inner layer.  To make room for 
RPC’s at BIS, sMDT’s will replace MDT’s.

ATLAS	HL-LHC	Upgrade
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TGC’s at inner ring of the Big Wheel will  be 
replaced with sTGC to reduce fakes by improving 
η spatial resolution.

ATLAS	HL-LHC	Upgrade

Tom	Schwarz,	Muons Director's	Review,	January	20-22,	2016,	BNL



10
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Add a very-forward muon tagger (between end-
cap calorimeter and JD) to allow tagging of inner 
detector tracks as muons ➜ 2.7<  η < 4.0

ATLAS	HL-LHC	Upgrade
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Barrel (RPC) and end-cap (TGC) triggering 
electronics must be replaced to cope with hit rates 
at the HL-LHC.

Gas gain on currently installed RPC’s must be 
lowered to meet lifetime limitations (0.3 C/cm2).

To maintain trigger efficiency, RPC’s will be 
installed at the inner layer.  To make room for 
RPC’s at BIS, sMDT’s will replace MDT’s.

TGC’s at inner ring of the Big Wheel will  be 
replaced with sTGC to reduce fakes by improving 
η spatial resolution.

Add a very-forward muon tagger (between end-
cap calorimeter and JD) to allow tagging of inner 
detector tracks as muons ➜ 2.7<  η < 4.0

MDT readout electronics must be replaced to cope 
with hit rates at the HL-LHC.  

To reduce fakes, MDT information will be 
integrated the into L0/L1 trigger to sharpen pT 
selectivity of tracks.

USATLAS scope is to lead the design and 
construction of the trigger and readout 
electronics for the MDT system

• Leverages US expertise (MDT, NSW)
• High impact contribution
• Reasonable costs and low risk

ATLAS	HL-LHC	Upgrade
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ATLAS	Muon	Core	Costs
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Proposed	US	Scope

16Tom	Schwarz,	Muons Director's	Review,	January	20-22,	2016,	BNL



Proposed	U.S.	Scope	(WBS)
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1. PCB for Mezzanine
2. TDC   (Time to Digital Converter)
3. CSM  (Chamber Service Module)
4. HEB   (Hit Extraction Board)
5. sMDT  (small Monitored Drift Tubes)

L4 Deliverables 



ATLAS	MDT	Detectors
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Upgrades to the muon spectrometer are required to handle increased rates and fakes 
associated with HL-LHC luminosities and the new ATLAS wide L0/L1 trigger system
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HL-LHC	MDT	Readout	System
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• Raw drift signals for up to 24 MDT tubes are amplified, shaped and digitized by ASD chips, then routed to 
the TDC which stores arrival times of leading and trailing edges of the signal. 

• At the CSM, data are formatted, stored, and sent via optical link to the Hit Extraction Board (HEB). 

• The HEB sends reduced resolution hits to the trigger processor which performs segment finding and track 
fitting.   

• On Level 1 accept by sector logic, the HEB sends full resolution hits to FELIX for readout.

CSM MDT 
Tubes

Reduced 
Resolution Hits

MezzanineSector Logic HEBMDT Trigger 
Processor

FELIX

Full Resolution Hits
Sent On L1 Accept

L1 Accept

TDC ASD

L1 Accept

1. PCB for Mezzanine
2. TDC
3. CSM
4. HEB
5. sMDT

L4 Deliverables 

This	entirely	NSF-funded	construction	project	would	lead	development	of	the	front-end	
system,	including	sMDT	detectors	which	will	replace	inner	barrel	MDT’s!
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sMDT	Detectors
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Deliverable US Interests International 
Interests

sMDT
design & construction UMich (50%) MPI (50%)

Deliverables CORE Costs from Scoping Doc

• Replacing current MDT’s with sMDT’s to 
maintain trigger efficiency and precision 
tracking - especially after RPC gain is lowered 

• Construction 50% Umich and 50% MPI 

• Utilize existing infrastructure at UMich and 
tooling already developed at MPI (big cost 
savings) 

• ATLAS management strongly encourages 
UMich/MPI arrangement to solve sMDT issue
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Mezzanine	Card
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• Functionality:  Raw drift signals for up to 24 tubes are 
amplified, shaped and digitized by ASD chips, then routed to 
the TDC which stores arrival times of the leading and trailing 
edges of the signal. 

• Arizona will lead the development of the PCB board for the 
TDC and ASD components  

• Arizona developed PCB board used for front-end chips (VMM) 
for the ATLAS Phase I NSW, which was far more challenging.

Deliverable US Interests International 
Interests

PCB
design & construction

Arizona -

Deliverables Costs from Scoping Doc

Tom	Schwarz,	Muons Director's	Review,	January	20-22,	2016,	BNL



TDC
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• Functionality: TDC produces arrival times of leading & trailing 
edges of tube signals, as well as an identifier word for the 
corresponding tube, and sends to the CSM 

• UMich in collaboration with MPI to develop ASIC-based TDC 

• Japan developing an FPGA-based TDC 

• Umich very experienced in developing ASIC’s - developed 
trigger data serializer (ASIC) used for sTGC readout in NSW 

Deliverable US Interests International 
Interests

TDC
design & construction

UMich Japan, MPI

Deliverables Costs from Scoping Doc
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CSM
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• Functionality:  

• One MDT chamber, up to 18 mezzanines, are controlled 
by a local processor board (CSM) 

• The CSM broadcasts the TTC signals to the TDCs, and 
collects data from the TDCs 

• At the CSM, data are formatted, stored, and sent via 
optical link to the Hit Extraction Board (HEB) 

• UMich developed previous CSM for MDT readout and 
developing FPGA-based router board for Phase I NSW 

• CSM R&D currently driving entire front-end system design

Deliverable US Interests International 
Interests

CSM
design & construction UMich -

Deliverables CORE Costs from Scoping Doc
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HEB
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Deliverable US Interests International 
Interests

HEB
design & construction Illinois MPI, Japan

Deliverables CORE Costs from Scoping Doc

• Functionality:  

• Receive data from front-end boards. 

• Provide data buffering for L0/L1. 
• Deliver low-latency, low-granularity signals 

to hardware trigger. 
• Interface with network-based trigger/DAQ 

system (FELIX). 
• Electronics shop/engineers at Il l inois 

experienced with FPGA programming
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Status	of	R&D
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• Simulation in place to study the performance of potential MDT electronics 
system designs 

• US developed design currently shown to be able to read off all hits 
from the MDT with a hit rate of ~300 kHz/tube and < 1.5 μs latency 

• Simulation has been cross-checked in hardware with current mezzanine cards 
connected to a CSM at current hit rates 

• Existing cables, which are very difficult to replace in the detector, can send 
data at 320 Mbps on two differential pairs (currently run at 80 Mbps on one 
pair) 

• US ramping up on all other efforts. Leading the development of 
demonstrator electronics for the IDR/TDR  (TDC, CSM, and HEB)

More	on	R&D	in	Anyes’	(L2	R&D	Manager)	talk	during	Muon	breakout
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Research	&	Development

• Each	deliverable	has	developed	an	R&D	plan	to	be	prepared	for	construction		

• sMDT’s	(UMich,	MSU)	do	not	require	R&D	per	se	-	however	tooling	needs	to	be	developed	
and	tube	construction	begins	before	FY20	to	allow	for	float	in	the	existing	ATLAS	schedule	

• PCB	for	Mezzanine	(Arizona),	TDC	(UMich),	and	CSM	(UMich)	will	be	developing	more	
advanced	prototypes	during	R&D,	as	the	construction	timeline	is	slightly	earlier	due	to	the	
need	to	install	electronics	on-chamber	for	the	sMDT’s	

• The	HEB	(Illinois)	is	off-detector	electronics	and	therefore	has	a	later	timeline.		Early	R&D	is	
more	related	to	the	design	of	trigger	processing	for	the	MDT’s.	

• Ops	program	scrub	the	R&D	budget	on	a	yearly	basis.		R&D	for	each	deliverable	is	adapted	
to	what	needs	to	be	accomplished	within	the	available	budget.
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Schedule
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Schedule
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Schedule
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6.6 MUON:START and END and MILESTONES

Item Description Start Date End Date
6.6.1.1 PCB for Mezzanine - Arizona Q1 FY17 Q3 FY23
Pre-MREFC Pre-Construction Q1 FY17 Q2 FY20

Design/Prototype Q3 FY20 Q4 FY21
Pre-Production Q2 FY22 Q1 FY23
Production and Testing Q1 FY23 Q3 FY23
Install electronics on chambers (inside cavern) Q3 FY24 Q3 FY26

6.6.3.2 TDC - Michigan Q3 FY16 Q1 FY23
Pre-MREFC Pre-Construction Q3 FY16 Q2 FY20

Design/Prototype Q3 FY20 Q2 FY21
Pre-Production Q3 FY21 Q2 FY22
Production and Testing Q2 FY22 Q1 FY23
Install electronics on chambers (outside cavern) Q3 FY23 Q4 FY23
Install electronics on chambers (inside cavern) Q3 FY24 Q3 FY26

6.6.3.3 CSM - Michigan Q1 FY15 Q2 FY23
Pre-MREFC Pre-Construction Q1 FY15 Q2 FY20

Design/Prototype Q3 FY20 Q3 FY20
Pre-Production Q4 FY20 Q4 FY21
Production and Testing Q1	FY22 Q2	FY23
Install electronics on chambers (outside cavern) Q3 FY23 Q4 FY23
Install electronics on chambers (inside cavern) Q3 FY24 Q3 FY26

6.6.3.5 sMDT - Michigan Q3 FY18 Q3 FY22
Pre-MREFC Pre-Construction Q3 FY18 Q2 FY20
MREFC Chamber Construction Q3 FY20 Q3 FY22

sMDT-RPC integration Q3 FY23 Q3 FY25
Installation and Commissioning Q3 FY23 Q3 FY26

6.6.3.5 sMDT - MSU Q3 FY18 Q2 FY22
Pre-MREFC Pre-Construction Q3 FY18 Q2 FY20
MREFC Tube Construction Q3 FY20 Q2 FY22

sMDT-RPC integration Q3 FY23 Q3 FY25
Installation and Commissioning Q3 FY23 Q3 FY26

6.6.4.4 HEB - Illinois Q3 FY17 Q2 FY24
Pre-MREFC Pre-Construction Q3 FY17 Q2 FY20

Design/Prototype Q3 FY20 Q2 FY21
Pre-Production Q3 FY21 Q2 FY22
Production and Testing Q3 FY22 Q2 FY24
Installation and Commissioning Q2 FY25 Q3 FY26

Important Milestones
IDR Q3 2016 (June 30th)
TDR Q3 2017 (June 30th) Likely	decision	on	TDC	technology,	yet-to-be-decided

Accessibility	of	mezzanine	cards	-	yet	to	be	decided
FDR Q4 2022 

MREFC

MREFC

MREFC

MREFC

NEED	A	PLOT	and	should	be	compared	to		

budget	profile	and	scoping	doc	dates



Budget	and	Effort
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WBS	6.06	Muon	L2	NSF	
Resource	Breakdown	

					Labor	

					M&S	

					Travel	

Estimates based on the following: 

• LABOR: previous experience with similar 
deliverables and salaries of current employees 
capable of work - scaled by inflation 

• PRODUCTION M&S: similar previous deliverable 
scaled by inflation, with quotes used for any known 
new components 

• PROTOTYPE M&S: costs scaled from other similar 
developed prototypes, and quotes from fabrication 
houses 

• TRAVEL: Known travel for specific needs, and some 
regular travel between collaborating institutions
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• Profile is defined by deliverables needed 
for sMDT detectors, which are installed 
earlier.  This includes the sMDT’s, TDC, 
and CSM. 

• Later required deliverables, the PCB for 
the MDT’s and the HEB, are responsible 
for the FY23 jump in M&S. 

• Engineer Labor is high in early years for 
design, technician labor ramps to later 
years for construction



Budget	and	Effort

Tom	Schwarz,	Muons Director's	Review,	January	20-22,	2016,	BNL 33

• Profile is defined by deliverables needed 
for sMDT detectors, which are installed 
earlier.  This includes the sMDT’s, TDC, 
and CSM. 

• Later required deliverables, the PCB for 
the MDT’s and the HEB, are responsible 
for the FY23 jump in M&S. 

• Engineer Labor is high in early years for 
design, technician labor ramps to later 
years for construction

0	

500	

1,000	

1,500	

2,000	

2,500	

FY20	 FY21	 FY22	 FY23	 FY24	

WBS	6.06	Muon	L2	
NSF	Fiscal	Year	Costs	AYk$	

					Labor	

					M&S	

					Travel	

	-				

	2.00		

	4.00		

	6.00		

	8.00		

FY20	 FY21	 FY22	 FY23	 FY24	

WBS	6.06	Muon	
NSF	Labor	Types	

												Engineer	

												Engineer	Associate	

												Engr	Tech	Student	

											Engr	Student	

											Technician	



Risks
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Risks
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MITIGATION STRATEGY:  Close contact with ASIC developers with mitigate this risk.  
Decision on ASD/TDC technology happens early — TDR.
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Risks
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MITIGATION STRATEGY:  Jr EE has been hired to investigate CSM firmware modifications 
required if some cards cannot be replaced
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Closing	Remarks
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• From ATLAS muon management point of view, the US CSM and sMDT 
projects are highest priority 

• We are fairly invariant to ATLAS decisions.  Projects are high priority and 
exist in some form in all ATLAS scoping scenarios. 

• The TDC and HEB face some international competition.  Outcome for the 
HEB will simply be collaboration.  The asic-based TDC could be an option 
not selected by ATLAS. 

• In general, very little risk. 

• Institutes working on CSM, HEB, and TDC are already performing R&D 
towards developing a demonstrator system for the TDR (Due June 30th, 
2017). 

• Construction phase for muons is FY20 to FY24 - most projects end in FY23
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ATLAS	Muon	Spectrometer
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Phase II upgrades to the muon spectrometer are required to handle increased rates and fakes 
associated with HL-LHC luminosities and the new ATLAS wide L0/L1 trigger system

➡ To cope with high rates 

➡ The readout of the MDT system must be replaced, as well as the barrel (RPC) and end-cap 
(TGC) triggering system to cope with high rates at the HL-LHC 

➡ RPC’s will be installed in the inner layer of the barrel to maintain trigger efficiency and increase 
acceptance, since gas gain in current RPC’s will be lowered to meet design limitations (0.3 C/
cm2) 

➡ To reduce fakes 

➡ pT selectivity of tracks for the trigger will be improved by integrating MDT information into the 
L1 trigger  

➡ To reduce fakes at high η ( 2 < |η| < 2.4 ), new sTGC’s will replace TGC’s in the inner ring of the 
TGC big wheel  

➡ To extend the muon system lifetime 

➡ HV and LV power supplies may need to be replaced to ensure operation of the muon 
spectrometer at the HL-LHC through 2035

41
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Monitored	Drift	Tube	(MDT)	System
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Monitored	Drift	Tube	(MDT)	System



Mezzanine

CSM



Mezzanine Card  
➡Consists of an ADC and TDC which performs sampling, 

time-stamping, and buffering of candidate Level 1 hits 

Chamber Service Module (CSM) 
➡Routes Level-1 accepted hits to readout at USA15 

➡Passes timing information to the TDC for time-stamping 

➡Handles control and monitoring

CSM MDT 
TubeMezzanine

Level 1 AcceptFunctional Diagram of current 
MDT readout system

Level 1 
Accepted Hits

To USA15

CSM

Mezzanine



CSM MDT 
TubeMezzanine

Level 1 Accept

Level 1 
Accepted Hits

To USA15

Looking further inside this functional diagram…
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Status	of	R&D
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